In this issue, Xiao et al. challenge the notion that cold temperatures promote longevity solely through thermodynamic effects. They show that low temperatures activate a cold-sensitive cation channel, TRPA-1, which triggers a complex signaling pathway in both neurons and nonneuronal cells to extend the lifespan of Caenorhabditis elegans.
In 1908, Jacques Loeb posed the intriguing question of whether a definitive temperature coefficient for the duration of life exists (Loeb, 1908) . Nearly a decade later, Loeb and John Northrop published the first recorded experimental evidence that lowering temperature prolongs the lifespan of a poikilothermic, or coldblooded, organism: the fruit fly Drosophila melanogaster (Loeb and Northrop, 1916) . Subsequent studies have shown that the beneficial effect of temperature reduction on lifespan is observed not only in other poikilothermic species such as the fish Cynolebias adloffi (Liu and Walford, 1966) and the nematode Caenorhabditis elegans (C. elegans) (Klass, 1977) , but also in a homeothermic, or warmblooded, animal: the mouse (Conti et al., 2006) . In their early studies, Loeb and Northrop noted that ''there exists a temperature coefficient for the duration of life of about the order of magnitude of that of chemical reactions, namely, of about 2 for a difference of 10 C'' (Loeb and Northrop, 1916) , implying that the effects of temperature reduction on lifespan are thermodynamic in nature. It is certainly difficult, if not impossible, to imagine that thermodynamic mechanisms do not play some part in the effects of temperature on living organisms. Nevertheless, work on mice with reduced core body temperatures suggested that additional factors may be involved (Conti et al., 2006) , and studies by the Kenyon lab have indicated that the process by which elevated temperatures shorten the lifespan of C. elegans is subject to active regulation (Lee and Kenyon, 2009) . In this issue of Cell, Xiao et al. provide the first evidence for the existence of a complex genetic program mediating the longevity response of C. elegans to lowered temperatures (Xiao et al., 2013) .
In this elegant study, Shawn Xu and colleagues hypothesized that, if such a temperature-regulated program were to exist, it would likely involve a cold sensor. They chose to investigate TRPA-1, the only known member of the transient receptor potential (TRP) superfamily of cation channels (Clapham, 2003) with an ankyrin (A) domain. TRPA-1 is activated at a temperature of 17 C or lower, which alters its permeability to Ca 2+ , Na + , and K + (Story et al., 2003) .
The authors demonstrated that TRPA-1-deficient worms have shorter lifespans than wild-type animals at low temperatures, whereas systemic overexpression of TRPA-1 significantly extended the lifespan under cold (15 C and 20 C), but not warm (25 C), conditions. Importantly, lifespan extension was not observed in animals overexpressing a mutant, calcium-impermeable receptor, implying that this cation was the key to TRPA-1-mediated longevity. The authors next asked whether TRPA-1 expression in select tissues of the worm was necessary to observe the beneficial effect. Interestingly, they found that overexpressing TRPA-1 in either neurons or intestinal cells was sufficient to confer lifespan extension at cold temperatures. These observations are important because they show not only that the nervous system alone is capable of regulating longevity to cold temperature, but also that the intestine can do the same, thus implying a novel role for nonexcitable cells in the intestine as thermosensors. This intriguing possibility was elegantly confirmed by using Ca 2+ -responsive reporters to show that dissected intestines were indeed cold sensitive. Several longevity genes with functions in the intestine are known, with one prominent example being the FOXO transcription factor DAF-16 (Kenyon, 2010) . Xiao et al. found that DAF-16/FOXO played a key role in mediating the TRPA-1 effects on lifespan, and they also uncovered a genetic pathway by which TRPA-1 engages DAF-16/FOXO. This pathway involves Ca 2+ -dependent activation of the kinase PKC2, which in turn signals via the known DAF-16/FOXO kinase SGK-1 (Figure 1 ). However, unlike other DAF-16/FOXO-activating kinases such as AKT, SGK-1 did not stimulate detectable nuclear translocation of DAF-16/ FOXO but, rather, promoted its nuclear activity. TRPA-1 has been evolutionarily conserved for more than 500 million years (Kang et al., 2010) , suggesting that it may modulate lifespan in response to cold across phylogeny. When Xiao et al. asked whether the human ortholog TRPA1 (which is normally expressed in both neurons and nonneuronal cells; Fernandes et al., 2012) could function in C. elegans, they indeed found that human TRPA1 effectively prolonged the lifespan of worms at cold temperatures. Intriguingly, they also found that activation of human TRPA1 with its agonist allyl isothiocyanate, the active ingredient of wasabi and mustard oil, promoted lifespan extension of C. elegans even at warm temperatures. In principle, this indicates that targeting TRPA1 pharmacologically may be a provocative yet feasible way to prolong lifespan in humans. However, such an approach should take into account that the effects of TRPA1 on human longevity remain to be demonstrated and that human TRPA1 expressed in neuronal cells is involved in pain sensation, whereas its function in nonexcitable cells is only starting to be elucidated (Fernandes et al., 2012) .
Collectively, these studies demonstrate that the life-prolonging effects of lowered temperatures are positively modulated in C. elegans at least in part by a thermosensitive genetic mechanism. Several determinants of the pathway described by Xiao et al., including calcium signals, TRPA-1, and PKC-2, are novel longevity modulators that may, if the pathway proves to be functionally conserved, provide exciting new entry points for interventions in higher organisms.
The observation that TRPA-1 ultimately acts on DAF-16/FOXO is particularly interesting because this transcription factor is a known effector of the nutrient-sensitive insulin/IGF-1-signaling (IIS) pathway, which affects longevity in organisms ranging from yeast to mice and possibly even to humans (Kenyon, 2010) . However, the TRPA-1 and IIS pathways appear to promote DAF-16/FOXO activity through distinct mechanisms. Whereas reduction of IIS induces DAF-16/FOXO translocation to the nucleus (Kenyon, 2010) , the TRPA-1 pathway stimulates DAF-16/FOXO nuclear activity without noticeably affecting translocation. Although the biochemical mechanism by which TRPA-1 activates DAF-16/FOXO remains to be elucidated, this observation highlights the possibility that the two pathways could have additive effects on lifespan extension by acting in parallel to engage DAF-16/FOXO and possibly other factors. This may also represent an early example of convergence of nutrient and temperature homeostasis, which in homeotherms regulate and integrate energy intake and expenditure and can influence lifespan (Bartfai and Conti, 2012) .
One last point to highlight is that, although TRPA-1-deficient worms lived for considerably shorter periods than their wild-type counterparts at 15 C and 20 C, the mutants still lived longer at these temperatures than at 25 C. Thus, additional mechanisms are likely to contribute to lifespan extension at lowered temperatures. These may include other genetic pathways and-let's not forget them completely-thermodynamic effects. In this regard, Loeb and Northrop might have been particularly gratified to know that a 10 C reduction in temperature (25 C to 15 C) increased the mean lifespan of TRPA-1-deficient C. elegans from 10 days to 20 days, or by a factor of.2.
